Abstract
Introduction specific characteristics or processes in flooded rice soils (e.g., Ponnamperuma, 1972;  at least 20% of the area) or soil inclusions (maximum four, covering together less than 141 20% of the area). The median number of soil units per map unit is 3, and 90% of the map 142 units have 5 or fewer soil units (the maximum was 10 soil units in a single map unit). The 143 median share (relative area) of a soil unit in a map unit is 24%. Each soil unit has an FAO 144 soil name and many additional soil properties for the topsoil and subsoil, such as texture,
145
soil depth, gravel, organic carbon content, pH, CEC, calcium carbonate (lime) content, exchangeable sodium percentage, and electrical conductivity of the soil soil units within each map unit based on the Fertility Capability Soil Classification (FCC) two categorical levels, describing topsoil and subsoil texture (the first category) and soil several modifiers indicating whether a soil has, for example, a low pH, limited CEC, or 156 salinity problems. The fraction of the area covered by each FCC modifier was computed production system with these FCC fractions to compute the distribution of soil fertility 160 constraints by rice production system. We aggregated and tabulated these data to country 161 and regional levels and reported the results, at a conservative level of precision, to the 162 nearest 1000 ha.
163
We distinguished four groups of soils with different levels of soil fertility and severity
164
of soil constraints, because groups of these modifiers go together in soils anyway and 165 because the larger groups are easier to report, use, and visualize (but the underlying data 166 can also be retrieved for each separate modifier). The three main groups (good, poor, and these soils is likely to be limited by salinity (s); very low pH; P deficiency; Fe/S/Al 174 toxicity (c); nutrient deficiencies of N, Zn, K, P, Cu, and Mo (O); or high pH causing P, more of the FCC modifiers k (< 10% weatherable minerals in silt and sand fraction or clay or hues of 7.5 YR or redder and granular structure). Crop growth on these soils is 182 potentially limited by combinations of low nutrient reserves (k), low CEC (e), Al toxicity
183
(a), and/or high P fixation. We added the characteristics "very shallow (< 30 cm)" and
184
"limited water-holding capacity (< 50 mm m 
195
in the topsoil, shallow soils (R), gravelly soils (r), and slightly alkaline (n-) soils. Thus,
196
this group includes various soils with only minor constraints and/or limited soil fertility. 
207
As the definitions in the FCC do not exactly match the data available in the HWSD, we developed an adjusted system that matches the spirit and concepts of the FCC with area of each rice production system for each soil mapping unit, and then to estimate the 212 distribution of soil fertility constraints by rice production system.
214

Results
215
World rice area has been rising over the past decade: from a recent low point of (Table   218 2). About 30 million ha are planted at least twice a year to rice; hence, the land area with 219 at least one rice crop is about 132 million ha per year. In the results below, the area of
220
"rice soils" refers to "annual area planted with rice", not "physical area on which rice is 221 planted". Thus, in tallying soil characteristics, if a field is planted with rice twice a year, it is
222
counted twice, and the rice soil area always sums up to 162 million ha.
223
Most rice is grown in Asia (about 143.4 million ha), and substantial but much
224
smaller areas are planted with rice in Africa (10.5 million ha) and the Americas (7.2 million 225 ha) (Table 2, Figure 1 ). Among these major rice-growing continents, irrigated rice is most 226 important in Asia (60%) and the Americas (54%, not including irrigated upland rice), and 227 least important in Africa (21%). In Asia, most rainfed rice is found in South and Southeast
Asia. Rainfed rice is the dominant rice production system in Africa (79%), with large shares of lowland rice (44% of the total annual area) and upland rice (28% of the total annual 230 area). In contrast, most rainfed rice in the Americas is upland rice (46% of the total annual 231 area). Deepwater/mangroves rice systems (other in Figure 1) 
240
A more recent development in Latin America is that rice production has been shifting from 
243
Of all the continents, Asia has the largest percentage of good rice soils (47%) and
244
of rice soils without major constraints (good and poor soils, 65%) ( Table 3 ; Figure 2 ). Good
245
rice soils are less common in the Americas (28%) and account for less than a fifth of the 246 total area in Africa (18%). Consequently, the share of soils with major constraints
247
(combining very poor soils and problem soils) is much higher in Africa (64%) and the
248
Americas (55%). Saline problem soils represent a large fraction of the rice soils in Oceania,
249
whereas rice soils are often very sandy/poor in southern Europe.
250
Beyond these general trends, there is considerable variation within continents. Asia
251
has the largest percentage of rice soils without major soil constraints ( (Figure 2 ). In South America, much rice is grown on very poor soils with major 259 constraints (62%), whereas, in North America, Central America, and the Caribbean, it is 260 grown on better soils (good and poor soils = 76%, 74%, and 70%, respectively).
261
In addition to these differences between and within continents, considerable soil 
280
In Asia, problem soils cultivated with rice are not common (5% of the total rice area (Table 6 ). Worldwide, soil salinity is a constraint for rice on about 2.7 million ha,
290
and alkalinity/sodicity affects 3.5 million ha. Because salinity, alkalinity, and sodicity often 291 overlap (e.g., many alkaline/sodic soils can also be saline), the sum of the areas with 292 individual soil problems is considerably higher than the total area of problem soils. About 3.0 million ha of rice are cultivated on acid-sulfate soils, and around 1.5 million ha are 294 grown on organic soils. With respect to total area, Asia is the most affected by problem 295 soils but the relative abundance of rice on problem soils is highest in the Americas (see 296   Tables 3 and 6 ).
297
The distribution of individual soil constraints for the main rice-growing areas and 298 the major production systems is shown in Table 7 . Saline and alkaline/sodic characteristics
299
are important soil problems across regions and systems, whereas acid-sulfate soils are 300 mostly important in Asia, and organic soils in Asia and the Americas. Saline/alkaline/sodic 301 soils are closely associated with deepwater, mangrove, and irrigated environments,
302
whereas acid-sulfate soils are most common in rainfed lowlands and deepwater/mangrove 303 environments. All four problem soil constraints are rare in upland rice (Table 7 ). In the
304
Americas, alkaline/sodic soils are the main problem in irrigated rice whereas organic soils 
318
Discussion
319
The total world rice area of 162 million ha in this study is within the normal range 
358
The major soil fertility groups we distinguished were based on the earlier study by fertility groups for paddy soils in tropical Asia were also found by Kawaguchi & Kyuma 
365
phosphorus status (total P, available P indicators). High scores in the "inherent potentiality factor" would in most cases qualify for the "good soils" group, and low scores in the
367
"available phosphorus factor" would generally lead to the "very poor soil" category. 
377
Although a characterization of world rice soils has not been conducted before, our 378 results for rainfed lowlands in Asia ( 
487
Although not the subject of this study, it should be mentioned that abiotic stresses (Table 7) . Another important abiotic stress in lowlands is submergence, rice area were prone to temporary submergence from flooding, whereas Mackill et al.
area. In the Americas, most rice is irrigated or grown in uplands, and submergence is not 501 a significant constraint (Table 4) . Mapping approaches to quantify and localize drought as 502 well as submergence areas grown to rice are underway and will complete our analysis of 503 soil constraints in rice cultivation.
505
Conclusions
506
To our knowledge, this study is the first attempt to quantitatively characterize soil underlying the analysis will help to better focus research, and allow tailoring germplasm 523 selection and management practices for the dominant abiotic stresses in any given rice 524 environment. Especially if our analysis is complemented by an analysis of the incidence of drought and flooding, the knowledge of abiotic stresses in rice will be markedly 526 increased and allow applications from regional planning to field-specific technology 527 dissemination. Our approach could also be applied to better understand the spatial 528 distribution of soil constraints for the world's other major staple crops.
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propagating Swarna-Sub1, Sahbhagi Dhan, and CSR36 in Uttar Pradesh, India.
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Figure 2: The spatial distribution of rice grown on the four major soil quality groups in the world.
